Abstract: A scheme to realize a high linear analog photonic link based on a dual-parallel Mach-Zehnder modulator (DPMZM) is proposed and demonstrated in this paper. By using only two electrical phase shifters with phase shift and optimizing the biases of the DPMZM, the third-order intermodulation distortion (IMD3) is completely eliminated by taking all the sidebands in the optical spectrum that produce IMD3 into consideration in theory. Without digital linearization, other optical processers, and symmetrical singlesideband modulation, optical carrier suppression (OCS) is achieved in one of the submodulators of DPMZM, which guarantees the effectiveness of information transmission. Quadrature modulation is achieved in the other submodulator of DPMZM, and the electrical signals on the two electrodes are the same, which result in a simple operation. The simulated results show that IMD3 is completely suppressed when the sinusoidal electrical signals have two tones, such as 11.9 and 12 GHz, and IMD3 is lower than the noise floor at the À120 dBm level. The simulated results show that IMD3 is lower than the noise floor with À120 dBm level, and the simulated results agree well with the theoretical prediction. In addition, IMD3 suppression of approximately 45 dB is experimentally demonstrated in this paper, and the spurious-free dynamic range is improved by 11:2 dB Á Hz 2=3 . The scheme could simplify the design of a high linearized analog photonic link and make it stable.
Introduction
Analog photonic links are used in various applications such as signal generation, radar detection and ranging, antenna remoting, electronic warfare system, and satellite communications [1] - [3] . As wideband communication technologies develop, electrical signal transmission and processing require wideband and high reliability. Analog photonic link with external modulator has largely attracted researchers' attention due to its inherent wideband, high dynamic range and high reliability. In analog photonic link, SFDR is an important parameter, which is closely related to inter-modulation distortion (mainly IMD3) introduced by the nonlinearity of the external modulator. To eliminate the IMD3 and improve the SFDR of the link, some linearized schemes based on phase modulators [4] - [6] , Intensity Mach-Zehnder Modulators (IM) [7] , Dual-drive MZM (DD-MZM) [8] , [9] , and DPMZM [10] - [14] have been proposed over the last few decades.
In [4] , an analog photonic link consisting of a phase modulator, a polarizer and an optical filter is proposed and experimentally demonstrated. By adjusting the states of polarization launching into the PM and the polarizer, it can achieve 25.4 dB cancellation of the IMD3. In [5] , an analog photonic link with digital signal processing (DSP) based on optical phase modulation and I/Q demodulation (PMIQD) is demonstrated, which can achieve nearly 30 dB cancellation of the IMD3. In [6] , an analog photonic link with digital signal processing (DSP) based on optical intensity modulation is demonstrated, and the experiment results show 26.8 dB suppression of the IMD3. However, the digital demodulation part needs highly-coherent detector in [5] and [6] , which is still a pivotal problem to be considered.
In [7] , by biasing MZM at minimum transmission, a linearized analog photonic link is proposed. Low modulation depth is obtained in the scheme, which reduces the nonlinear response without penalizing the carrier to sideband ratio (CSR), removes the optical carrier and non-linear terms, and improves the IMD3 results. However, when RF modulation depth is high, the low bias method leads to low RF conversion and other IMD3 introduced by higher order optical sidebands.
In [8] , a scheme of dual parallel interferometers with DD-MZM based on optical single sideband (OSSB) modulation is discussed. By utilizing two parallel interferometers with different differential delays, the third-order distortion can be balanced and a fifth-order limited link response is achieved. The accurate differential delays and many parameter controllers are needed in the scheme, which would complicate the IMD3 suppression. In [9] , an analog photonic link with DD-MZM based on double sideband-suppressed carrier (DSB-SC) and coherent balanced detection is proposed. The IMD3 is suppressed by approximately 46 dB. Except for coherent detection, the link needs additional polarization devices such as polarization combiner, polarization splitter and linear polarizer, which require precise polarization alignment.
In [10] , an approach with DPMZM to attain low-distortion analog optical transmission is analyzed in detail. The power ratio between electrical drive signals on two MZMs is adjusted for linearization. The approach achieves improved linearity at the expense of small increases in the required optical power and moderate increases in the required drive voltage. This paper started the basic DPMZM scheme, and it is one of the first major contributions to the linearity for analog photonic link. In [11] , a radio over fiber (ROF) system using single-drive dualparallel Mach-Zehnder modulator (SD-DPMZM) is proposed. By optimizing working points of SD-DPMZM, the IMD3 produced by sub-MZMs has opposite phase and equal intensity, and thus IMD3 can be suppressed greatly. Unfortunately, when RF modulation depth is high, higher-order optical sidebands increase and they would also introduce IMD3. This paper has not considered all the optical sidebands, so the IMD3 suppression is limited. In [12] , a linearized analog photonic link based on DPMZM and coherent detection is proposed. By optimizing input optical power split ratio, output optical power split ratio and electrical signal power ratio simultaneously, IMD3 can be theoretically complete suppressed. In [13] , an analog photonic link of DPMZM with new electro-optic polymer material is proposed. The DPMZM is configured with two MZMs, of different lengths in parallel and a phase shifter in one arm. By dominating the power splitting ratios in the input and the output port in optical fields, and adjusting the modulation depth simultaneity, a reduction of IMD3 below the noise floor is observed. However, in [12] and [13] , it needs special optical power splitting ratio combined with electrical splitting ratio, which is complicated to realize accurate splitting ratios. In [14] , microwave signals are symmetrically single sideband modulated in the two sub-MZMs, and three electrical phase shifters are used to control the phase of electrical signals. Experimental results show that IMD3 is suppressed by approximately 30 dB. However, it is too hard to balance the symmetrically single sideband modulation. It calls for not only the precise phase controlling of four-channel electrical signals, but also more than two RF shifters and strict working point controllers, which increase the difficulty and the complexity of the link, and decrease the stability of the link greatly. In addition, due to the optical carrier not being suppressed, the single sideband modulation reduces the gain of a useful electrical signal and descends the transmission effect of information.
In this paper, a high linearization analog photonic link scheme based on DPMZM to eliminate IMD3 is proposed and demonstrated. Without digital linearization and other optical processors, by utilizing only two simple and mature electrical phase shifters, different forms of electrical signals are imposed on the two sub-modulators of DPMZM. By optimizing the biases of the DPMZM, IMD3 introduced by all optical sidebands is eliminated completely in theory. Compared with the conventional analog photonic link based on single MZM, experimental results show that IMD3 is suppressed by approximately 45 dB and that SFDR is improved by 11:2 dB Á Hz 2=3 in the proposed scheme.
Operation Principle of the Scheme
A schematic of the proposed high linear scheme is shown in Fig. 1 . The schematic consists of a laser source (LS), two microwave sources, two phase shifters, a DPMZM that is composed of two 3 dB optical couplers, an IM (MZM1), a DD-MZM (MZM2), and a photodiode (PD). A light wave emitted from a laser source denoted as E in ðtÞ, is send to DPMZM. To calculate IMD3 in the usual manner, microwave sources are used to provide two sinusoidal electrical signals. The frequencies of electrical signals are ! 1 and ! 2 respectively, and electrical signal with ! 2 modulated on the two MZMs of DPMZM is out of phase. The phase difference between electrical signals modulated on the two electrodes of MZM1 is , whereas for MZM2, the phase difference is 0. The MZM1 is biased at V and the MZM2 is biased at V =2, assuming that the half-wave voltages V of the two MZMs are all the same. In this way, OCS is achieved in MZM1, which guarantee the effectiveness of information transmission. And quadrature modulation is achieved in MZM2, which results in a simple operation. In [14] , the symmetrically single sideband modulation on two MZMs adjusted for linearization, is too hard to guarantee the stability and effective low level information transmission. Here, two phase shifters with phase shift are used in the scheme, and the electrical signals are of the same amplitudes.
The light wave launched to the DPMZM is denoted as E in ðt Þ ¼ E 0 expðj! c t Þ, where ! c is the frequency of optical carrier. Then, the power level of laser is denoted as
The output optical field of MZM1 usually is written as
where is the insert loss of MZM1, and is the splitting ratio and the value is 0.5. ' 1i and ' 2i are phase shift angles of MZM1,
2Þ. V is half-wave voltage of MZM1. V DC1i is the DC bias voltage of MZM1. The drive voltages with DC biases on the two electrodes of the MZM1 can be expressed as
In this scheme, V m is the amplitude of the input electrical signal. The output optical field of MZM1 is
As it is well known, the Jacobi-Auger expansions are expressed as
Then, (4) can be expanded as 
where m ¼ V m =V represents the modulation depth. Similarly, the drive voltages with DC biases on the two electrodes of the MZM2 can be written as
Assume that the performance parameters of MZM2 are the same as those of MZM1. Then, the output optical field of MZM2 is written as
The output optical field of DPMZM E out ðt Þ can be expressed as
The output photocurrent after PD is given by I PD ðt Þ ¼ E out ðtÞ Á E of I PD ðt Þ can be derived as
From (10), it can be seen that IMD3 of frequencies 2! 1 À ! 2 and 2! 2 À ! 1 are eliminated completely, and a linearization analog photonic link with complete IMD3 suppression is obtained.
Simulation Results and Analysis
To analyze the performance of the proposed scheme, we build the computer simulation setup as shown in Fig. 1 . A continuous light wave at 1550 nm from LS is sent to a polarization controller, and the optical power is 16 dBm. The modulation loss of DPMZM is 5 dB, and the half-wave voltage of DPMZM is 5 V. The responsivity of PD is 0.65 A/W. On the one hand, the sinusoidal electrical signals with two tones at 11.9 GHz and 12 GHz produced by signal sources, are divided into two paths. One is sent to the upper arm of MZM1, the other is sent to the lower arm of MZM1 after phase shift, and the DC bias phase differences of MZM1 is . On the other hand, the sinusoidal electrical signal with 12 GHz after phase shift and the sinusoidal electrical signal with 11.9 GHz are sent to MZM2, the DC bias phase differences of MZM2 is =2. After the DPMZM, microwave photonic signal is transmitted along the fiber to PD, and optical-toelectrical conversion is obtained by PD.
Computer simulation with VPI transmission Maker is performed to study the capability of IMD3 suppression as shown in Figs. 2 and 3 . The optical spectrums at the outputs of MZM1 and MZM2 are shown in Fig. 2 . OCS is achieved in MZM1, which increases the gain of useful signal on optical sidebands and the effectiveness of information transmission. The electrical signals modulated on the electrodes of MZM2 are same. Fig. 3(a) shows the output electrical spectrum of a conventional analog photonic link based on single MZM (the electrical signals are two tone electrical signals with the same amplitude, and the DC bias points are set to quadrature point). Fig. 3(b) describes the electrical spectrum of the proposed scheme. By comparing of the IMD3 at 11.8 GHz and 12.1 GHz in Fig. 3 , it can be seen that the IMD3 is lower than the noise floor with À120 dBm level and that the IMD3 is suppressed completely in the proposed scheme. 
Experiment Results and Analysis
To verify the validity of the proposed scheme, we build the experimental setup is built as shown in Fig. 1 . The lightwave with central wavelength of 1550.12 nm emitted from LS is sent to an integrated dual-drive DPMZM (Fujitsu FTM 7960EX). The optical power is 16 dBm. The sinusoidal electrical signals with frequencies at 11.9 GHz and 12 GHz are emitted from signal sources (Agilent E8257D), and injected into the four electrodes of DPMZM after phase controlling. Herein, MZM1 of DPMZM operates at push-pull mode. The sinusoidal electrical signal with 12 GHz after phase shift and the sinusoidal electrical signal with 11.9 GHz are injected into MZM2 of DPMZM, and the MZM2 is set to quadrature modulation. By using microwave cables of the same length, the electrical signals applied to the four electrodes of DPMZM are set to the same amplitude. The output signals of DPMZM are sent to a PD (Discovery Semiconductors DSC 20H) with a measured responsivity of 0.65 A/W to detect the electrical signals. The electrical spectrum of the received photocurrent at the output of PD is measured by an electrical spectrum analyzer (R&S FSQ 40). Fig. 4(a) shows the output electrical spectrum of a conventional analog photonic link with the same single MZM in computer simulation. It describes the inter-modulation components of fundamental wave signals in detail. Due to the nonlinearity of the MZM, the IMD3 at 11.8 GHz and 12.1 GHz is suppressed by approximately only 16 dB. In addition, other inter-modulation components of fundamental wave signals can be seen obviously, which has an influence on useful signals transmission. Fig. 4(b) shows the output electrical spectrum of the proposed scheme. As can be seen from Fig. 4(b) , IMD3 is suppressed by approximately 45 dB. Compared with convention analog photonic link based on single MZM, there is a great reduction of IMD3 in the proposed scheme, and IMD3 can be suppressed greatly. According to the analyzed and simulated results, IMD3 can be suppressed completely in the proposed scheme. There are several nonideal factors in the experiment, which might contribute to the finite IMD3 suppression such as the electrical phase shift error of phase shifter, unequal amplitudes of the electrical signals applied to the electrodes of DPMZM and the half-wave voltages of MZM1 and MZM2 are not same. From the simulated results, when the electrical phase shift error is about 1.5 degrees, the electrical imbalance on the electrodes of MZM1 in DPMZM is about 1.2Q, or the half-wave voltage imbalance of MZM1 and MZM2 is about 2.5Q, the IMD3 will be suppressed approximately by 45 dB.
In Fig. 5 , the power variation of fundamental signal and IMD3 are depicted, as the power of input sinusoidal electrical signals increase. Noise power density is measured as À170 dBm/Hz, including both the shot noise and the thermal noise. The SFDR is measured as 116:8 dB Á Hz 2=3 for the propose scheme, whereas the SFDR is 105:6 dB Á Hz 2=3 for conventional analog photonic link based on DPMZM. Compared with convention analog photonic link based on single MZM, the proposed scheme suppresses the IMD3 suppression by approximately 45 dB and improves the SFDR by 11.2 dB.
Conclusion
In this paper, a linearization analog photonic link with high third-order inter-modulation distortion suppression is proposed and demonstrated. By using only two electrical phase shifters with phase shift, and optimizing the biases of the DPMZM, IMD3 could be completely suppressed in theory, which results in excellent linearity performance. The simulated results show that IMD3 is lower than the noise floor with a À120 dBm level, and the simulated results are in good accordance with the theoretical prediction. Compared with the conventional analog photonic link based on single MZM, IMD3 is suppressed approximately by 45 dB, and SFDR is 116:8 dB Á Hz 2=3 in the proposed scheme as the experiments show.
